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ABSTRACT: This article presents theoretical
and experimental investigations of a turbulent
boundary layer in the initial section of a tube
in the presence of nonisothermieity and blow-
ing. The results of experiments, obtained in
the range of Reynolds numbews from 6.14+10% to
3.61+10% and flow demnsities from 0 to 0.296,
show a satisfactory correlation of the proposed
method with the experimental method.

There has recently been 1ncreased ‘interest in the 1nvest1gatlon/27
of the influence of nonisothermicity and blowing on friction and
heat exchange in a turbulent boundary layer. This interest has
been primarily caused by research into means of heat shielding of
surfaces streamlined by a flow of hot gases. In the literature
there are references devoted to the study of this probiem as applied
to conduits of circular cross section. However, these references
discuss the influence of blow1ng on a turbulent boundary layer which
has already developed.

In this article we will make theoretical and experimental
investigations of the influence of nonisothermicity and a lateral
flow of matter on friction, heat exchange and also the gas parameters
in the nucleus of the flow in the initial section of a cylindrical.
tube. We will derive formulas for calculating the coefficients of
friction and heat exchange along the length of the stabilization
section in the area of subsonic flow with a uniform distribution
of gas parameters at the entrance to the tube.

In this case the system of initial equations has the form [3]:,
The impulse equation:
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We will determine the relative coefflclent of frlctlon b from
the asymptotic formula, obtalned in reference [u4]:
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where wh = hw/ho. /27

To solve system (1)-(4) we must know the relationship between
the shape factor H and the nonisothermicity and the permeability
factor. This relationship can be foynd if we take advantage of the
integral equation for the dimensionless; velocity, which was obtained
in reference [4]:
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Taking the similarity of the enthalpy and velocity profiles,
we have . -~

T eolo =1+ (1 =)o (6)

Substituting (6) into (5) and integrating for wh,< 1, we

obtain the wvelocity profile in the turbulent nucleus of the boundary
layer as a, function of the permeablllty parameter
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Following reference [4], we posit that Z = 1 - w
is the velocity proflle in a turbulent boundary layer under
“isothermic conditions in the absence of blowing, i.e., wo gn,

- We can then obtain the ve1001ty distribution across the

where wo

boundary layer with a given permeabil
to the known velocity profile and den
the integral characteristics:§%® 6““
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Fig., 1: The influence of “the

Permeability Factor b on the Shape.
Factor H: .
1. For a Tubej; 2. For a Plate;
3. [5]; 4. [6]; 5. The Data of
the Authors; the Straight Line
Shows .the Calculation By Equation

(10) for k = 0.05.

ity parameter, and, according
81ty proflle, we cdan compute.
and H, i.e.

(9)

Figure 1 shows the results of

the calculation of the shape
factor H by the proposed method.
The figure also shows the exper-
imental data of references [5,6],
obtained with nongradient stream-

lining of a flat plate by an

isothermic flow and the data
of the authors obtained with
an isothermic flow in a circu-
lar tube with permeable walls

‘(a description of the experi-

ment is given below). It can

be seen that the results of the
calculations show a satisfactory
correlation to the experimental-:
data and can be approx1mated by
the single function

H = Hopn(1+ b),

where Hg is the value of the shape fac
and dp/dX = 0, k is a constant.

‘'Under standard conditions the co
expressed by the function [4]

¢y, = BR**-mR™,

(10)

tor under isothermic conditions

efficient of friction can be

(11)



Then we obtain the following system of equations for a gas /278

flow in the ‘initial section of the tube: :
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We will now examine two particular solutions to this systtem

(a) b = const., Yy = const.

In this case we are able to obtain an analytic relationship
between the Reynolds number,the velocity Wy
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when b = 0 and m = 0.25, we obtain from (14) the known vresult [4]
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We should note here that the obtained relationships are wvalid
only for the initial section of the tube, while the boundary layer
has not yet collapsed. We will determine the length of the initial
section from the condition that at the end of the stabilization

.section the thickness of the boundary layer is equal to the radius
of the tube. Then
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Simultaneously solving (13) and (16), we obtain
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Figure 2 shows the results of ‘the calculation of the relative /27
velocity distribution under isothermic conditions along the length *‘—
of the initial section as a function of the permeability factor
for various values of b. It is clear that blowing has a consider-
able effect on the value of the velocity in the nucleus of. the flow.
Here the broken line refers to the boundary of the initial section,
as computed by (14%) and (17).
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Fig. 3: The Change in the :
Reynolds Number Along the Length
of, the Tube (for the Notations,
See Fig. 2).
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Fig. 4: The Relative Blowing
Distribution Along the Length
‘of the Tube (for the Notations,
see Fig. 2).

Figures 3 and 4 show the change in the Reynolds number and in,the
relative blowing for the same values of the permeability factor.

(b) gy = (pw)w/(QOlWOl) = const.

In this case system (12) can be reduced to the relationships
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where the relationship between the number R#%** and the relative
velocity Wy can be found from the numerical solution of equation (18)

Figures 5 and 6 show the results of the calculation of the
relative velocity and the Reynolds number as a function of the

longitudinal coordinate for various values of the flow density

‘Jle 25. Equation (18) was solved numefically on a_computer by

the Runge -Kutta method and them checked with J ‘R9-2% = ¢ by a
change in the 1ntegratlon step. The broken llne in these figures,
showing the boundary of the initial section, was computed by
simultaneous solution of equations (16), (18).



Figure 7 shows the change in the permeability factor b along
the -length of the initial section under the given conditions.

For an experimental investigation of this problem, we con- /28
structed an experimental apparatus, a diagram of which is shown in ~
Figure 8.

The experimental sectioh was constructed of a porous :titanium
tube with an internal diameter of 34.5 mm. The thickness of the
walls was 2 mm. and the length was 346 mm.
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VoA (1) 0; (2) 0.02; (8) 0.05;
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The diameter of the powder particles was about 0.063 mm. Before -

the main experiments, we investigated the hydraulic characteristics
for determination 6f the flow rate of the refrigerant as a function
of the pressure drop on a sample. In addition, we verified the .
uniformity of the permeability along the length of the tube in its
four diametrically placed gemnerating lines using a thermal anemometer.
" The diameter of the filament of the thermal anemometer's detector
was 8 p. The results of these measurements, averaged along four
points of the diameter, are shown in Figure 9.
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As we can see from thése graphs, the mean filtration rate and,
consequently, the permeability of the tube along its length can be
assumed to be quite uniform.

The surface of the tube was practically smooth, since the
relative roughness, equal to the ratio of the diameter of the
particles, of which the tube is composed, to the radius of the tube
was less than 3.6-10 3. . v

The tube in the casing was reinforced by an intermediate
element, foil. A fitting was welded on,the top of the frame to
measure the pressure on the entrance-of air blown into the porous:
tube. Inside the frame collectors for the blown air were welded
.in diametrically positioned planes. The experimental section was
attached to the forechamber. Due to the great convergence of the
latter (100:1), the velocity profile at the entrance to the experi-
mental section was uniform.

We measured the static and total pressure on the axis of the
tube along its length by a specially constructed adjustable tube,
whose construction is shown in Figure 8.

The diameter of the tube was 3 mm and its lengfh was 400 mm.
The adjustability of the tube along the axis of the operative
section was provided by a coordinate spacer. Experiments-were

carried out in a stationary system. During .the experiment we /28

measured the total and static pressure, the flow rates of the main
and blown gas and the pressure in the receiving unit. As a pressure
sensor we used a U-shaped piezometer filled with alcohol. The gas
flow rate was measured by a specially calibrated measuring diaphragm.
Pressure in the receiving unit was measured by a standard class :
0.35 manometer. :

The flow density of the blown gas was measured by two methods:
by its flow rate across a measured disk and by the pressure drop on
a sample. This was done to control possible leakages of the
‘refriperant at the places where the frame and the porous tube were
joined. In all these experiments the comparison of these two inde-
pendent measurements showed coinciding results (the maximum deviation
between them was within . the accuracy limits of the measurements).
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Fig. 8: Diagram of the Experimental Apparatus: ;

(1) The Forechamber; (2) The Experimental Section; (3) The Thermo-
couple; (4) The Main Gas Flow Rate Supply; (5) The Filter; (6) The
Measuring Disk; (7) Refrigerant Supply; (8) The Measuring Disk of
the Main Flow Ratej; (9) The Coordinate Spacer.
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Fig. 9: Distribution of the Filtration Rate Averaged Along the
Length of the Tube.

We computed the functions w(A) from the measured static .and
total pressure, and according to these functions we computed q(A).
The value of the flow rate function and the Reynolds number at the
entrance to the experimental section were computed by the flow rate

of the main flow.

The variation range of the parameters in the process of the
experiments consisted in terms of the Reynolds number, from 5.14-10
to 9.61+10% and in terms of the flow density ﬂbw)w/p01w01]Rg-2 from
0 to 0.296. Figure 10 shows a comparison of the results of the

/28



measurement of the velocity on the axis of the tube with various
types of blow1ng and the calculation according to formulas (18) and
- (19). We can see that there is a satisfactory correlation between
the assumed method of calculation and the experiment.

,

w1 g r; ! Fig. 10: , The Change in the
13 ' ‘ ///g<f ‘ Relat1ve‘Veloc1ty Along the
o o 4 Length of the Initial Section:
; Py (1) ,711?10 *25 = 0; (2) 0.0553;
i"i -V“"/*‘ /'/,/ (3) 174 (u) -0.029; (5)
g . L+ ,4’/1r{’ : 0.296; the Solid lines Show the
SET] S S as] - == Calculation According to Equa-
@ +;bggﬁ3 I D sl ~—'f7'7' ; tions (18)-(20); the Broken
; fy st X | Lines Show the Calculatlon Accord-
K A T T A Y RV RY R TRV ing to (21) for F1R;9-25 = 0.174;

the Dots Show the Experiment.

In the same graph the broken line, showg the calculation of the change

in velocity according to the continuity equation for a uniform flow
when

Way= 1+ 4iRIZX/RT, - Woy=wy/wo. (21)

This calculation was made for lelo'ZS = 0,174,
Figure 11 shows the distribution of the static pressure along

the length of the tube for the same values of the parameter

J1B1 0 The calculation according to the proposed method was made

by the formula

(Por — Po) [ porwor = ‘h(”%'—1L (22)

where the values of the parameter W, were taken from the curve in
Figure 10. This figure shows the results of the calculation of the
static pressure distribution by a uniform procedure without “taking
friction into account. In this case the formula has the form

(Pog — Po) [ porwor = ngz — 1. (23)

As we can see from the figure, the calculation by uniform procedure
shows a noticeable divergence from the experiment.

10
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Measurement of the velocity profile was made using a Prandtl
tube, placed at a distance ¢f 9:5 units from the entrance to the
experimental section. The entrance aperture was made in the form
of an ellipse with semiaxes of 0.175 and 0.30 mm. Adjustment of the
tube was made by a coordinate spater, and its position was determined
by an MMN-1 cathetometer. Contact between the tube and the wall of
the porous tube was registered by the completion of a special elec-
tric circuit. As a pressure sensor we used an MMN-1 micromanometer.

r . .

Using the known law of the change in velocity across the.
boundary layer, we integrated graphically the relationships for the
thickness of the impulse loss and the displacement thickness.

kS \

Based on what we have discussed, we can propose the following
-sequence for calculating a turbulent boundary layer in the initial
section of the tube. '

(a) b = comst, VY = const;

(1) With the given values of b and ¥, we should determine the
parameters v, H, §%%/p; by formulas (u), (&) and (10).

(2) We should determine the length of the stabilization section
XH from equations (1&) and (17).

’ (3) We should calculate the Ffunction Wy = f(X) from equation /2
(1u). L2

, (4) We should compute the value of R¥* from equation (13) and
then compute the value of the coefficient of friction’ from equatiodns
(11) and (u4).

(5) We should compute the required flow rate of blown gas from
equation (3). :

11



(b) 418} = const.

(1) We should determine R** and b from (18) and (20) with
the assigned values of the pavrameter J1Rf, assigning a value to WO.

(2) We should find the distribution of W along *he length of
the initial section. x

(3) We should find the length of the initial section from
Figure 6.

(4) Ve should determine the coefficient of friction according
to the known value of R%®* from equations (11) and (4).

There would be no great difficulties in extending this method
of calculation to include the case of a nonisojfhermic gas flow in
the initial section of a porous tube. In this case we must take
into account the influence Jf nonisothermicity on the friction law
(4) and the shape factor H (10).

Notations

B is a constant; b is ‘the permeability factor; is the local
coefficient of frlctlon,:D is the diameter of thg tube; H is the
shape factor; h is the enthalpy; J is the flow demnsityj; R is the
Reynolds number; w is the velocity; W is the relative velocity;

6% is the displacement thickness; &§%% is the “thickness of the 1mpulse
loss3 u is the coefficient of dynamlc viscositys; p is the den31ty,

x is the length of the tube; 1 1s the tangential stress; V¥ is the
relative coefficient of fraction; % is the enthalpy factor; E is the
relative coordinate.

Indices: O shows the parameters on the outer boundary of the.
boundary layeri; 1 refers to the parameters at the entrance to the
tube; w refers to the parameters on the wall; cr means critical;

n refers to parameters on the boundary of the initial section; «
refers to the parameters of the blown gas; h means thermal; av means
average.
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